Infection with hepatitis E virus (HEV) can be clinically inapparent or produce symptoms and signs of hepatitis of varying severity and occasional fatality. This variability in clinical outcomes may reflect differences in host susceptibility or the presence of virally encoded determinants of pathogenicity. Analysis of complete genome sequences supports the division of HEV genotype 3 (HEV-3) variants into three major clades: 3ra comprising HEV isolates from rabbits, and 3efg and 3abchij comprising the corresponding named subtypes derived from humans and pigs. Using this framework, we investigated associations between viral genetic variability of HEV-3 in symptomatic and asymptomatic infections by comparing HEV-3 subgenomic sequences previously obtained from blood donors with those from patients presenting with hepatitis in the UK (54 blood donors, 148 hepatitis patients), the Netherlands (38 blood donors, 119 hepatitis patients), France (24 blood donors, 55 hepatitis patients) and Germany (14 blood donors, 36 hepatitis patients). In none of these countries was evidence found for a significant association between virus variants and patient group (P.0.05 Fisher's exact test). Furthermore, within a group of 123 patients in Scotland with clinically apparent HEV infections, we found no evidence for an association between variants of HEV-3 and disease severity or alanine aminotransferase level. The lack of detectable virally encoded determinants of disease outcomes in HEV-3 infection implies a more important role for host factors in its clinical phenotype.
INTRODUCTION
Infection with hepatitis E virus (HEV) is clinically silent in most individuals. For example, serological evidence of HEV infection is present in 13% of the population of England and Wales (Ijaz et al., 2009) , equivalent to 100 000 infections annually (Hewitt et al., 2014) . However, the number of acute HEV infections reported annually in this population is currently v1000, implying that 99% of primary infections remain undiagnosed and are not associated with overt or currently recognized signs of disease.
One explanation for the low frequency of symptomatic infection with HEV is that different variants of HEV have different pathogenic potential. At present, four different genotypes of HEV have been described that infect humans; HEV-1 and HEV-2 are associated with endemic transmission in developing countries, whilst HEV-3 and HEV-4 appear to be zoonotic, resulting from the consumption of undercooked pig meat in developing countries (Smith et al., 2014) . Whilst a high fatality rate has been reported for pregnant women infected with HEV-1 (Patra et al., 2007) , this has not been reported for HEV-3 or HEV-4. Different pathogenic associations have also been described for HEV-3 and HEV-4 (Abe et al., 2006; Jeblaoui et al., 2013; Mizuo et al., 2005; Ohnishi et al., 2006) , as well as for particular variants of HEV-3 , whilst the development of fulminant hepatitis has been related to the presence of particular nucleotide substitutions in the genomes of HEV-1 and HEV-3 (Bu et al., 2013; Inoue et al., 2006 Inoue et al., , 2009 Pujhari et al., 2010; Sugawara et al., 2009 ).
Alternatively, some of these differences in the outcome of HEV infection might result from variable host responses and disease susceptibility, such as the extent of pre-existing liver damage or the presence of particular immunological reactivities. Such differing susceptibilities, and possibly an age-cohort effect, might explain the skewed distribution of HEV-3 infection in European countries, with most patients being w50 years of age, male and with a history of pre-existing liver disease or excessive alcohol use.
We attempted to discriminate between these two possibilities for HEV-3 by comparing the distribution of variants observed in blood donors and hepatitis patients using previously published data from several European countries. By definition, HEV-infected hepatitis patients have raised liver function tests and/or jaundice, often with an additional wide spectrum of presenting symptoms, including vomiting, nausea, dark urea, malaise, abdominal pain, lethargy and anorexia/loss of appetite. A small proportion of patients included in this group are immunosuppressed with chronic HEV-3 infection, but without symptoms of hepatitis. In contrast, the majority of blood donors are immunocompetent and display no or only mild symptoms of hepatitis, at least at the time of donation. Although liver function tests are no longer used as a marker to exclude donations from individuals with viral hepatitis, retrospective testing shows that most HEV-3-infected blood donors have normal or only slightly elevated liver function tests (Juhl et al., 2014; Vollmer et al., 2012) . If different variants were observed in these two patient groups, this would provide evidence that virus variation was involved in differences in disease outcome. A complication to undertaking this analysis was the lack of consensus on how variants of HEV-3 should be classified. An earlier study identified 10 different virus subtypes (3a-3j) on the basis of comparisons of complete genome sequences or of different subgenomic regions (Lu et al., 2006) . However, as more virus sequences have become available the distribution of sequence distances within HEV-3 has become more continuous so that no consistent criteria have been identified that distinguish between variants that belong to the same or different subtypes (Oliveira-Filho et al., 2013; Smith et al., 2013a Smith et al., , 2014 . In addition, several recent studies have identified higherlevel groupings, variously described as subgroups 3.1 and 3.2 (Oliveira-Filho et al., 2013), groups 3-I and 3-II (Bouquet et al., 2012; Widén et al., 2011) , groups 1 and 2 (Hewitt et al., 2014; Ijaz et al., 2014) or groups 3jab, 3chi and 3feg (Vina-Rodriguez et al., 2015) . However, these various groupings of variants utilize different reference sequences and include different sets of named subtypes.
Here, we describe a reanalysis of the extent of variation and nomenclature of HEV-3 subtypes and higher-level groupings. We then used a reference set of sequences of named subtypes in order to answer the question of whether or not specific variants of HEV-3 were responsible for different disease outcomes. We compared published data for HEV-3 sequences obtained from European blood donors and hepatitis patients as well as from variants infecting individuals with differing severity of hepatitis. In neither case did we find evidence that virus variation determined pathogenicity.
RESULTS

Variation within HEV-3
Variants of HEV-3 differ by up to 26% of nucleotides over their complete genome sequences, with differences of up to 22, 12 and 22% in ORF1, ORF2 and ORF3 amino acid sequence, respectively. Analysis of 81 complete, nonredundant HEV-3 coding sequences together with reference sequences of the other known genotypes revealed three major groups (Fig. 1) . Similar relationships were observed if the hypervariable regions were omitted, if analysis was conducted by the maximum-likelihood method or if concatenated ORF1/ORF2 amino acid sequences were used, although in the latter case branches separating different groups were much shallower with lower percentage bootstrap support (data not shown).
One well-defined, but diverse, group of strains (3ra) includes sequences first isolated from rabbits and currently represented by a single human isolate (GenBank accession number JQ013793); all of these sequences contain a distinctive 93 hypervariable nucleotide insertion within ORF1 and downstream of the hypervariable region (HVR). Although we treated these isolates here as divergent members of HEV-3 (Smith et al., 2013a (Smith et al., , 2014 , other publications separated them into a novel genotype (Geng et al., 2011; Izopet et al., 2012; Zhao et al., 2009) . The remaining variants of HEV-3 can be consistently divided into two major clades: 3abchij (including subtypes 3a, 3b, 3c, 3h, 3i, 3j and four unclassified variants) and 3efg (including subtypes 3e, 3f, 3g and five unclassified variants). These two clades correspond to the previously described groups 3.1 and 3.2 (Oliveira-Filho et al., 2013), groups 3-I and 3-II (Widén et al., 2011) , and group 2 and group 1 (Hewitt et al., 2014; Ijaz et al., 2014) .
Pairwise nucleotide distances (excluding the HVR) amongst and between the 3abchij and 3efg clades comprise an almost continuous distribution that has several distinct peaks (Fig. 2) . A peak centred on distances of 0.182 comprises comparisons between members of the two clades. Distances within individual subtypes 3a, 3b, 3c, 3e and 3f (as labelled on Fig. 1 ) include two major peaks and range up to 0.114, but these overlap the distribution of distances between different subtypes, the lowest inter-subtype distance being 0.113 between AB091394 (3b) and AB089824 (3a). In this context it is not clear how to assign isolates with distances to defined subtypes that span this region (distances to 3f sequences of 0.09-0.117 for EU723513 and EU723512 and 0.112-0.119 for EU360977). In the absence of consistent criteria for defining subtypes we have taken the decision not to assign these or other divergent isolates to the 10 existing subtypes (Lu et al., 2006) or to novel subtypes. Our assignments are therefore more conservative than those of a recent publication (VinaRodriguez et al., 2015) in which the unassigned variants were classified as 3f (EU723513, EU723512, EU360977 and KJ873911), 3h (JQ013794 and JQ953664) 3j (AB740232 and AB369689) or '3ef' (AB290313). Variability and pathogenicity of HEV-3
The peak centred on 0.125 comprises distances within each of the three proposed subclade groupings of 3jab, 3chi and 3efg (Vina-Rodriguez et al., 2015) . However, the peak centred on 0.15 includes distances between and within these groupings, an overlap that is not resolved if 3g is treated as a fourth subclade group. This suggests that Figure 2 of Vina-Rodriguez et al. (2015) has been mislabelled and that the three proposed subgroupings are not defined by a discrete range of sequence distances.
Whilst conducting this analysis, we identified several conflicts between published subtype designations. Sequence comparisons with the subtype prototype sequences (Lu et al., 2006) suggest that FJ705359 and KC618402, previously described as 3i (Hewitt et al., 2014; Johne et al., 2014) , are subtype 3c; that JQ013794, previously described as 3c (Izopet et al., 2012) , is an unassigned variant; AB290312 is 3h; EU360977, AB248522 and AB248521, all previously described as 3c (Xia et al., 2008) , are an unassigned variant, 3e and 3e, respectively; and AB740232 and AB369689, previously described as 3j, (Vina-Rodriguez et al., 2015) are unclassified variants. Although AY115488 was obtained from pooled material, we have retained it as 3j as we have found no evidence that it is a recombinant between known subtypes. We note that no complete genome sequence is currently available that corresponds to 3d of Lu et al. (2006) .
Pathogenicity of HEV-3 variants
Using this classification framework, we next investigated whether there was evidence for differences in pathogenicity between variants of HEV-3 by comparing their distribution in cases of hepatitis and blood donors. The rationale for this was that individuals infected with HEV-3 with a diagnosis of hepatitis must have developed one or more symptoms of hepatitis in order to have been considered for diagnostic testing. Such symptoms would include jaundice, abnormal liver function tests [alanine aminotransferase (ALT) level w100 U l 21 ], abdominal pain or dark urine, but might also extend to more general symptoms, such as malaise, anorexia, fever or neurological involvement. In contrast, blood donations would not be accepted from individuals known to have any of these symptoms at the time of donation. Most HEV-3-infected blood donors have normal or slightly elevated ALT levels (Juhl et al., 2014; Vollmer et al., 2012 ) (H. Zaaijer, unpublished results). If there was a difference in the pathology of different HEV-3 variants, then it might be expected that the distribution of these variants would differ between these two Fig. 3 . Phylogenetic analysis of HEV-3 variants from blood donors and hepatitis patients in England and Wales. HEV-3 ORF2 sequences (280 nt, nt 6041-6320 numbered relative to AF082843) isolated from blood donors (X) and hepatitis patients (#) were compared with reference sequences of named HEV-3 subtypes and 3ra isolates (%). (Hewitt et al., 2014; Ijaz et al., 2014) . Comparison of these two sets of virus sequences was complicated by the observation that the distribution of variants detected in hepatitis patients changed over time with a shift from 3efg (group 1), which predominated before 2009, to 3abchij (group 2), which became the dominant variant after 2011 and in 2013 comprised 69% of isolates (S. Ijaz, unpublished results). Considering only the 148 HEV-3 sequences obtained during 2012 and comparing these with the 54 blood donor-derived HEV-3 sequences detected in 2012/2013, it is apparent that variants from both patient groups were distributed widely within the HEV-3 phylogeny (Fig. 3) . In particular, 11 of the 62 clade 3efg sequences were from blood donors (18%), whilst their proportion within clade 3abchij was 43 of 140 (30%), a distribution that was not significantly different by Fisher's exact test (P50.06). An association index (AI) value of 0.85 similarly provided no evidence for a difference in clustering of HEV-3 variants from blood donors and hepatitis patients into phylogenetically distinct clades or subtypes. Similar comparisons were made for a dataset from the Netherlands including ORF2 sequences (304 nt) from 38 blood donors (2011) (2012) (2013) (2014) and 119 hepatitis patients (2010) (2011) (2012) (2013) (2014) (Fig. 4) . In contrast to England and Wales, no change in the distribution of HEV-3 variants was apparent in a study of 34 Dutch patients with unexplained hepatitis over the period 2007 (Riezebos-Brilman et al., 2013 . Of the 28 clade 3efg sequences, five were derived from blood donors (18%) compared with 33 of 123 clade 3abchij sequences (27%), a distribution that was not significantly different by Fisher's exact test (P50.47) or the AI test (0.93). Similar results were obtained from the analysis of ORF1 sequences from the same patients or from concatenated ORF1/ORF2 sequences (results not shown).
Smaller datasets are available from France and Germany, but in these cases it was not possible to match the year of sampling for hepatitis and blood donor groups. Sequences of two different genomic regions were obtained for HEV-3 derived from German blood donors. Analysis of 14 ORF1 sequences (242 nt) from blood donors (Huzly et al., 2014; Vollmer et al., 2012) and 36 hepatitis patients revealed that two blood donors and 18 hepatitis patients grouped with 3efg, whilst 12 blood donors and 18 hepatitis patients grouped with 3abchij (Fig. 5a ), a distribution that was not significantly different by Fisher's exact test (P50.06) or the AI test (0.92). Analysis of a different region of ORF1 in an additional 15 blood donors (Corman et al., 2013; Drexler et al., 2012; Huzly et al., 2014) again revealed a bias towards 3abchij (five in clade 3efg, 10 in clade 3abchij), but no equivalent sequences for this genome region were available for German hepatitis patients. Finally, analysis of 24 HEV sequences derived from French blood donors (Gallian et al., 2014) We also investigated the pathogenicity of different HEV-3 variants by measuring their association with the symptoms reported in HEV-3-infected patients. Nucleotide sequences in the ORF2 region (nt 6058-6320) were obtained for 123 HEV-3-infected individuals in Scotland over the period 2012-2015 (Edinburgh n525, Glasgow n574) and collated with clinical information. Presenting clinical symptoms (apart from ALT levels, which were w100 U l 21 for all patients) were classed as non-specific (malaise, nausea), overt (jaundice, dark urine, abdominal pain, fever) or unknown (Table 1) . ALT levels at the time of referral were categorized as v2000 or i2000 U l
21
. Neither the severity of symptoms nor ALT levels were significantly associated with clades 3efg/3abchij, or with subclades 3e/ 3f or 3c/3abhij by Fisher's exact test (P51 and 0.76, respectively) or the AI test (P50.98 and 1.04, respectively).
DISCUSSION
HEV-3 displays considerable diversity and various authors have proposed, sometimes contradictory, classification schemes that assign these to different subtypes (Lu et al., 2006; Xia et al., 2008) or groups Oliveira-Filho et al., 2013) . Phylogenetic analysis of HEV-3 complete genome sequences suggests an initial division of HEV-3 into three clades (Fig. 1) comprising 3ra , variants first isolated from rabbits, and clades 3efg and 3abchij that derive from humans, pigs, wild boar or deer. However, further division of these clades into subgroupings or subtypes becomes arbitrary as pairwise distances between sequences form continuous distributions (Fig. 2) with multiple subsidiary branches supported by bootstrap replication (Fig. 1) .
Using this framework, we have undertaken a comparison of the pathogenicity of different variants of HEV-3 by comparing their distribution in blood donors and patients with hepatitis. Analysis of nucleotide sequences from the UK (Fig. 3) , the Netherlands (Fig. 4) , Germany (Fig. 5a) and France (Fig. 5b) 
reveals that the distribution of viruses
Variability and pathogenicity of HEV-3 from clades 3efg and 3abchij is similar between these two patient groups. This is consistent with the idea that HEV-3 infection is clinically silent in the majority of individuals and that the rare cases in which hepatitis or other overt pathologies are observed reflect differences in the host susceptibility or response to infection rather than differences in the pathogenesis of different virus variants. We also observed no difference in the distribution of HEV-3 variants between hepatitis patients from Scotland with symptoms of hepatitis compared with those without such symptoms or to those with ALT levels v2000 or i2000 U l 21 (Table 1 ).
The only amino acid polymorphism that differed between blood donors and hepatitis patients in the sequence sets we compared was a LeuRPhe substitution in ORF2 (nt 6002 numbered with reference to GenBank accession number AF082843). This substitution was present in 14 of 20 French blood donor sequences (another three had mixed sequences at this position) compared with none of 23 amongst French hepatitis patients. This substitution was also present in four of 48 UK blood donor sequences, but was not sequenced for the corresponding hepatitis patients, or any of the sequences from the Netherlands or Germany.
Our analysis is unable to exclude the possibility that differences in pathogenicity are due to substitutions occurring in parts of the virus genome outside the subgenomic regions considered here (methyltransferase, RNA-dependent RNA polymerase and ORF2). However, such changes would have to segregate independently of the (largely) synonymous substitutions upon which our phylogenetic analyses are based. For example, pathogenic substitutions might arise at a high frequency and so segregate independently of phylogeny. Several previous studies found evidence that particular nucleotide substitutions in HEV-1, HEV-3 and HEV-4 were associated with severe pathology, such as severe acute hepatitis or fulminant hepatitis (Bu et al., 2013; Inoue et al., 2006 Inoue et al., , 2009 Pujhari et al., 2010; Sugawara et al., 2009; Takahashi et al., 2009) . However, these associations may arise because of the phylogenetic linkage between viruses sampled from restricted geographical regions rather than as determinants of pathogenicity (Smith & Simmonds, 2015) .
Another potential scenario is that pathogenic substitutions arise rarely and move between lineages through the process of inter-lineage recombination. However, there are very few reports of infection with multiple lineages (Moal Fig. 4 . Phylogenetic analysis of HEV-3 variants from blood donors and hepatitis patients in the Netherlands. ORF2 sequences (304 nt, nt 6018-6321) isolated from blood donors (X) and hepatitis patients (#) were compared with reference sequences of named HEV-3 subtypes and 3ra isolates (%). Smith et al., 2013b) and recombination in HEV is infrequent (Chen et al., 2012; Fan, 2009; van Cuyck et al., 2005; Wang et al., 2010) , and in some cases artefactual, resulting from mixed infection or laboratory contamination (Wang et al., 2010) . The identification of lineageindependent pathogenic substitutions would require a major effort to obtain complete genome sequences from large numbers of HEV-3-infected individuals from a limited geographical region, but with divergent disease outcomes. Differences in virus pathogenicity might also be affected by the virus titre at the time of infection; our analysis could not detect such an association unless the infecting titre was correlated with specific subtypes.
In conclusion, we find no evidence to support the hypothesis that the pathogenesis of HEV-3 infection is virus dependent. Our previous analysis of the relationship between HEV infection and the development of fulminant hepatitis reached a similar conclusion in respect of this severe and unusual outcome of infection (Smith & Simmonds, 2015) . Exposure to HEV-3 infection appears to be general and cumulative, with severe disease restricted to a subset of individuals, particularly older men with a history of liver disease or excessive alcohol consumption, or amongst individuals with reduced immune function.
METHODS
Nucleotide sequences. Complete genome sequences (accession numbers) were obtained from GenBank on 2 February 2015 and comprised single representatives of each genotype together with all non-redundant HEV-3 sequences (i.e. that differed from each other by i2% of nucleotide positions, not including the HVR, so as to Virus sequence analysis. Virus nucleotide sequences from anonymized hepatitis patient samples were obtained from hepatitis patients referred to the Edinburgh Royal Infirmary as part of ongoing epidemiological studies of patients with raised ALT (w100 U l 21 ) or with other signs of unexplained hepatitis as described previously (Ramalingam et al., 2013) Phylogenetic and statistical analysis. Sequences were aligned and annotated using SSE version 1.2 (Simmonds, 2012) . Phylogenetic analysis was performed using MEGA6 (Tamura et al., 2013) . The significance of the distribution of HEV variants associated with blood donors or hepatitis patients, or amongst hepatitis patients with different symptoms of infection or ALT levels, was assessed using Fisher's exact test. AI calculations (Cochrane et al., 2002) that linked virus clades to clinical outcome were carried out within SSE, as were Bootscan and Groupscan analysis of AY115488.
